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Introduction
Hydrous manganese oxides (HMO) are receiving increas-
ing interest both in biogeochemistry, due to the importance
of microbial catalysis in their formation, and in environ-
mental geochemistry, due to their importance as trace metal
sorbents in a wide number of environments. Accurate mod-
els of the mechanisms of trace metal sequestration not only
in association with HMO, but also in competition with clas-
sical natural sorbents like hydrous ferric oxides (HFO), are
thus required for an overall understanding of metal parti-
tioning. Ferromanganese nodules are a classical HMO-bear-
ing compound in sediments and soils, with accretion and
metal scavenging time scales up to thousands of years. The
implication that they provide a continuously growing sub-
strate with invariable sorption efficiency for trace elements
is the basis of a resuming interest for the nodules, focusing
on their possible use as a paleoproxy record for long-term
environmental changes. Detailed knowledge of chemical
composition and accretion rates is necessary to construct
models of the fluxes of these elements into the nodules. The
first evidence for the potential of monitoring anthropogenic
impact with these nodules was suggested for samples from
sediments of the Baltic Sea, were trace metals were found to
be enriched in the outermost layers (Glasby et al. 1997,
Hlawatsch et al. 2002a).
Element maps of Fe and Mn show typically a cuspate alter-
nating zebra-type band structure in these nodules (Glasby et
al. 1997, Hlawatsch et al. 2002a, Marcus et al. 2004). The
botryoidal onion-like growth pattern of alternating Fe- and
Mn-rich layers has been attributed to cycling variations in
bottom water conditions (Hlawatsch et al. 2002b). The out-
ermost layers are richer in Fe and characterized by higher
porosity which may reflect a recent period of enhanced bot-
tom water stagnation and post-depositional partial re-dis-
solution of the HMO compound. The implication that the
oxide layers provide a continuous growing and invariable
scavenger for trace elements has therefore been questioned.
More data are necessary on the 'invariable sorption effi-
ciency' argument. Experimental and modeling data are yet
sparse for understanding the impact of varying redox con-
ditions on trace metal adsorption by mixed Mn/Fe-oxides.
In this contribution, a sorption continuum modeling ap-
proach is suggested in order to explain (i) the effect of al-
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Abstract
Background. Surface complexation models (SCM) alone have
yet less successfully reproduced sorption isotherms of hydrous
manganese oxides (HMO). This is in part due to the fact that
the HMO structure may vary with pH, and also because
microbially formed natural HMO has an oxidation number
O/Mn < 2, i.e. is of non-stoichiometrical composition. The
former effect has often led to severe artefacts, such as an under-
prediction of metal sequestration at low pH, and non-compara-
ble pK and pHZPC values in literature. The latter effect is of
particular importance for environments of varying redox con-
ditions like sediments.
Objectives. We propose therefore a new sorption model com-
prising of amphoteric site SCM, ion exchange due to perma-
nent charge compensation, and solid solution formation, in or-
der to comply at least in part with the redox complexity of HMO
phases of stable birnessite- and buserite-type structures.
Methods. The model is run by a new Gibbs energy minimiza-
tion code which is shown to be particularly suitable for such a
sorption continuum approach.
Results and Discussion. Initial calibration of the model was per-
formed by experimental literature data on simple laboratory
systems. Thus parameterised, we simulated on the basis of avail-
able field data the effect of redox-driven dissolution of a
ferromanganese nodule on the partitioning of metals between
the interacting HMO, HFO, and marine water phases. Our sce-
nario model suggests that significant fraction of Mn and other
metals, probably 50% or more, may be recycled to water col-
umn from the surface of the ferromanganese nodule upon gradual
development of the bottom water stagnation, except of Zn for
which a by far stronger net retention was found.
Conclusion and Outlook. Our model, even if only a first ap-
proximation, clearly shows that stagnation in the marine bot-
tom water, once occurring, can drastically change primary ele-
ment proxy records in ferromanganese nodules, smoothing out
any anomalous patterns in the most recent record.
Keywords: Adsorption; Baltic Sea; early diagenesis; ferroman-
ganese nodules; geochemical modeling; hydrous ferric oxides
(HFO); hydrous manganese oxides (HMO); redox potential; sorp-
tion model; surface complexation models (SCM); trace metals
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ternating HFO/HMO substrate availability on competitive
trace metal scavenging, (ii) the influence of consecutive re-
dox-driven dissolution of the redox-sensitive HMO phase
on trace metal release, and (iii) why the Zn concentration is
typically increased in outer rims during early diagenesis, but
not to that extend of Cu, Cd or other anthropogenic heavy
metals (Hlawatsch et al. 2002a).
1 Geochemical Models
1.1 The Gibbs energy minimization approach
Processes of oxidative precipitation or reductive dissolution
of oxides are microbially controlled and occur in most cases
rather rapidly. Thermodynamic equilibrium models are there-
fore justified as a suitable tool in understanding and inter-
pretation of the field data. In principle, there are two meth-
ods of thermodynamic speciation modeling which can be
applied to such complex early-diagenetic systems: (i) Law-
of-Mass-Action – Reaction Stoichiometry (LMA-RS), and
(ii) Gibbs Energy Minimization (GEM). The LMA-RS ap-
proach is commonly available in many computer codes such
as PHREEQC. It requires no thermodynamic data for com-
ponents (usually aqueous ions) but only logK of formation
of species derived from the components by a stoichiometric
matrix of independent reactions. However, this leads to seri-
ous limitations in setting up more complex geochemical mod-
els in that (i) stable phase association must be known a priori
to be included into the mass balance, (ii) compositions of
aqueous and solid solution phases at equilibrium can not be
directly solved but one of them must be fixed as input, (iii)
surface complexes are treated similar to aqueous complexes,
without any link to the stability of their solid phase carrier,
but with an additional mole balance constraint for each sur-
face site type, and last but not least (iv) different redox states
of the same element, e.g., Fe2+ and Fe3+, must be assigned to
separate mass-balance constraints, with an additional equa-
tion defining the ambient redox potential.
Gibbs energy minimization (GEM) codes have been devel-
oped in parallel with LMA-RS codes, but are relatively un-
common in low temperature geochemical modeling because
of higher demand for consistency in the thermodynamic
database. GEM was already applied with success for
modeling major element speciation, alkalinity, and redox
conditions in the Baltic Sea (Kulik and Harff 1993), and
more recently also for sorption continuum models compris-
ing both of multi-site multi-surface adsorption and ion ex-
change on single- or solid-solution sorbents (Kulik 2000,
2002a,b). The GEM approach is based, in principle, on a
mass balance in any chemical system which is set up using
total quantities of chemical elements and a single charge
balance constraint, without distinction between component
and product species. For each species which may appear at
equilibrium state, the formula stoichiometry and a value of
(partial molar/molal) Gibbs energy of formation from ele-
ments must be provided at the respective temperature and
pressure from the thermodynamic database. Chemical
potentials of all elements are calculated at equilibrium. On
this basis, a stable phase assemblage from any number of
possible phases is automatically selected and leads directly
to solution of the speciation problem in any number of co-
existing (non-ideal) solid, liquid, aqueous, gaseous and/or
sorbate phases. Quantities of surface species are automati-
cally normalized according to the current stable quantity of
the adsorbent phase, surface charge/potential, and limiting
surface site density. Therefore no additional balance con-
straints are required, and surface precipitation can also be
reproduced in parallel. Our GEM approach originally en-
coded in the program Selektor-A (now superceded by the
GEMS-PSI program package: http://les.web.psi.ch/Software/
GEMS-PSI/) can always find equilibrium values of pH, pe
(Eh), and partial pressures of gases from bulk composition
of the aquatic system, and can also automatically detect in-
consistencies in the thermodynamic data input (Karpov et
al. 1997, Kersten and Kulik 2005).
The aqueous ion-association model used in this study (Kulik
and Harff 1993, Kulik et al., 2000) considers the main in-
teractions of all solid phases with aqueous solutions and
dissolved gases, forming the stoichiometry matrix of more
than 700 chemical species for the whole elemental system
(B-Ca-N-C-S-Cl-Br-F-K-Mg-Na-Sr-P-Si-Al-Fe-Mn-O-H-Nit-
Zn-Cd-Cu-Ni-e-Cit). Thermodynamic data including stand-
ard partial molal properties of aqueous species are derived
from the equation-of-state correlation approach (Shock et
al. 1997, Sverjensky et al. 1997). The citrate ligand repre-
sents all natural organic complexants for aqueous cations.
No attempt was made to include one of the more sophisti-
cated multi-ligand complexation or non-specific binding
models, due mainly to a lack of relevant analytical data on
the forms and molecular properties of marine dissolved or-
ganic matter (DOM). The three-term extended Debye-
Hückel equation with Kielland ion-size parameters and com-
mon third parameter bγ = 0.064 was used to calculate activity
coefficients for aqueous ions and complexes; a detailed
compilation for major dissolved ions used for the normative
Baltic Sea water phase was given by Kulik and Harff (1993).
Since the carbonate system plays a key role in accurate
modeling of sea water geochemistry, the thermal depend-
ence of the NaHCO30 complex was fine-tuned for precise
calculation of carbonate system parameters (pH, fCO2, al-
kalinity AC) at ambient Baltic Sea water salinity, tempera-
ture, and pressure. Note also that gaseous nitrogen has been
decoupled from the nutrient nitrogen species (NO3, NH3,
etc.). To reduce modeling errors at temperatures below 25°C,
standard values of molar enthalpy H0, entropy S0, and heat
capacity Cp0 were taken from available literature where
possible, otherwise estimated (Kersten and Kulik 2005).
1.2 Setup of the adsorption models
The trace metal adsorption models for both the HFO and
HMO sorbent differ in that a conventional one was used for
the former, while a new redox-dependent one is introduced
for the latter.
1.2.1 The HFO sorbent
The HFO phase of the ferromanganese nodules in the west-
ern Baltic Sea is composed of 2-line ferrihydrite (Hlawatsch
et al. 2002b, Marcus et al. 2004). The yet most commonly
accepted compilation of adsorption model data for HFO
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(Dzombak and Morel 1990) has been adopted into our ther-
modynamic database. Any intercalation of trace metals in
the HFO structure was neglected. The intrinsic adsorption
constants for the double layer model (DLM), valid at total
surface site density of 3.84 µmol m–2 (2.31 sites nm–2), were
converted to thermodynamic adsorption constants and Gibbs
energies of formation from elements using a standard site
density of 20 µmol m–2 (Kulik 2000). The 'strong' and 'weak'
sites for Zn and other metals on HFO were each assigned to a
single surface type, but with different maximum site densities,
Γmax, and modes of calculation of 'surface activity terms' neces-
sary for GEM modeling (Kulik 2000) as compiled in Table 1. A
non-competitive surface activity term (SAT) with a Γmax = 0.056
nm–2 was applied to the strong sorbent site density (e.g.,
≡O0.5Zn+s, and other strong complexes), and a competitive
SAT at Γmax = 2.254 nm–2 to the weak site density (e.g.,
≡O0.5Zn+w, and all remaining surface species except the neu-
tral hydroxyl group ≡OH0, Kulik 2000).
1.2.2 The HMO sorbent
The HMO phase in the Baltic Sea ferromanganese nodules
is a phyllomanganate with hexagonal layer symmetry of
birnessite-type. Mn K-edge X-ray absorption spectroscopy
(XAS) revealed that this disordered ('turbostratic') HMO
phase contains about 9 mol-% of Mn3+ in octahedral layer
positions, and no significant contribution of Mn2+ or Mn3+
in interlayer positions (Marcus et al. 2004). From initial theo-
retical reasoning, redox controlled changes in the Mn3+/Mn4+
ratio of HMO phases would lead to significant changes in
its adsorption properties even at constant solid particle con-
centration. This is because surface sites on Mn4+ would dis-
play acid-base behaviour similar to that found on SiO2 or
TiO2, with rather low point of zero charge (pHpzc), whereas
surface sites on Mn3+ are expected to behave similar to those
on other oxides of trivalent metals, e.g. ferrihydrite, goethite,
alumina, with much higher pHpzc values. Under neutral con-
ditions (pH = 7), reduction of the system alone may lead at
least to an inversion of the surface electric potential on HMO
from negative to neutral and even positive charge, if not
followed by an irreversible structural transformation.
For proceeding with thermodynamic description of mixed-
valent HMO phases, an initial albeit reliable approxima-
tion is that reduction of the oxidation number (O/Mn ratio)
occurs without net release of Mn into aqueous solution, but
rather results in structural intercalation of Mn3+ ions. From
a thermodynamic point of view, the new phase can at least
formally be expressed as a solid solution of composition
(MnO2)2n–3(MnOOH)4–2n, at least for the natural oxidation
Species pKint (DM90)a pK0, this work g0298 ,   kJ⋅mol–1 Stoichiometry for GEM 
≡OCu+s –2.89 –0.45 –65.532 O0.5Cu+ 
≡ONi+s –0.37 2.07 –162.338 O0.5Ni+ 
≡OCd+w 2.90 3.82 –184.399 O0.5Cd+ 
≡OCd+s –0.47 1.97 –194.958 O0.5Cd+ 
≡OZn+w 1.99 2.83 –259.671 O0.5Zn+ 
≡OZn+s –0.99 1.46 –267.491 O0.5Zn+ 
≡OMn+w 3.50b 4.42 –333.857 O0.5Mn+ 
≡OMn+s 0.40b 2.84 –342.875 O0.5Mn+ 
≡OCa+w 5.85 6.77 –642.695 O0.5Ca+ 
≡OHBa+2s –5.46 –3.02 –706.568 O0.5HBa+2 
≡OSr+w 6.58 7.50 –649.574 O0.5Sr+ 
≡OHSr+2s –5.01 –2.57 –707.053 O0.5HSr+2 
≡H2PO40 31.29 30.37 –1202.107 H3PO40 
≡HPO4– 25.39 24.47 –1168.430 H2PO4– 
≡PO4–2 17.72 16.80 –1124.650 HPO4–2 
≡H2BO30 –0.52 0.30 –977.007 H3BO30 
≡OHSO4–2 –0.79 0.13 –872.265 O0.5HSO4–2 
≡OH2+ 7.29 6.45 –165.364 O0.5H2+ 
≡O– 8.93 9.77 –72.781 O0.5– 
≡OH0 – – –128.55c O0.5H0c 
HFO – – –558.748d FeOOH 
adata from compilation by Dzombak and Morel (1990) 
bestimated from LFER (Fortin et al. 1993)  
cKulik  (2002) 
drecalculated from Melnik (1986) and corrected for variation in specific surface area A by adding an amount of 0.2933A (in J/mol, A in m2/mol) 
 
Table 1: Thermodynamic data for the HFO sorbent phase
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number range 1.5 < n < 2.0 (Tye 1985, Gramm-Osipov et
al. 1989). It follows that at fixed pH, pe, and Mn+2 ion ac-
tivity in aqueous solution, only one composition, with fixed
n value, of the non-stoichiometric HMO is possible in ther-
modynamic solid solution – aqueous solution (SSAS) equi-
librium. If redox conditions in the system change, this com-
position could change according to the disproportionation
reaction:
2MnOOH + 2H+ = MnO2 + 2H2O + Mn+2 (1)
This behaviour was experimentally confirmed at least for
the transition of γ-MnO2 (nsutite) to δ-MnOOH (Gramm-
Osipov et al. 1992). Qualitatively this model should be ap-
plicable to other HMO end-member phases as well, but solu-
bility studies along the reduction pathway from synthetic
(hexagonal) birnessite to the respective γ-MnOOH end-mem-
ber are yet to be performed. As long as no solubility data
are available for this manganate series, a reliable approxi-
mation with respect to our thermodynamic HMO solid-so-
lution model is to assume the ideal mixing behaviour of the
end-members (Table 2).
At the outer 'edge' surface of the particles, a diffuse double
layer may exist which may contribute to the sorption capac-
ity, in particular of colloidal sized turbostratic birnessites.
These remaining surface sites are thought to be occupied by
various amphoteric hydroxyl groups just again as in case of
clay minerals, which were accounted for by a conventional
2-pK triple layer surface complexation model (TLM). Mac-
roscopic metal adsorption studies have shown strong solu-
tion-concentration and pH effects manifested in a large scat-
ter of the effective pKads values (Tonkin et al. 2004). This
might be due to the fact that surface complexation modeling
of sorption isotherms as a function of pH has no structural
foundation because the HMO structure varies with pH as
mentioned above, and discussed in more detail by Manceau
et al. (2002). On the other hand, we may keep for a first
approximation up with the still common assumption that the
changing HMO surface may act like a heterogeneous sorbent,
for which single-site models are inadequate (Appelo and
Postma 1999). We assume that the interlayer X-site exchange
groups discussed above cover 1/3 of the total available sur-
face, while the weak outer- and inner-sphere (TLM type 1)
amphoteric hydroxyl groups cover the remainder 2/3 of the
total available surface area (ΓMe > 30 mmol per mol Mn).
In addition, weak adsorption of trace metals may become rel-
evant at a higher dissolved metal pool (Meaq > 1 µmol L–1).
These weak surface sites may be represented by outer-sphere
(OS) complexes as suggested by XAS data of respective ex-
perimental systems (Trivedi et al. 2001). Strong amphoteric
sites at hydroxyl surface groups govern inner-sphere (IS) metal
cation adsorption at ΓMe< 1 mmol per mol Mn, and may keep
the dissolved trace metal pool at Meaq < 1 nmol L–1. This site
heterogeneity is accounted for by adding double-coordinated,
2 pK units stronger inner-sphere sites of TLM-type 2 but allo-
cated to only 1% of the surface area at standard site density.
Introduction of very strong, selective tridentate complex above
vacant Mn in the outermost octahedral layer may explain high
binding constants ('di-protic inner-sphere complexation':
Appelo and Postma 1999). However, these sites may repre-
sent at most only a small proportion of surface complexes
(ΓMe < 30 µmol per mol Mn) necessary to account for metal
adsorption at low outer surface coverage (< 0.1%). We as-
sume that these TLM-type 3 surface sites form at a very low
density of less than 0.03 sites nm–2, with 3.5 pK units stronger
than TLM-type 1 site. All amphoteric surface types are as-
sumed to develop their own surface charge potential due to
inner- and outer-sphere surface complexation, as described by
the TLM model types and the parameters listed in Table 3.
Thermodynamic properties of additional monodentate ter-
nary X-MeL0 and >OMeLX surface complexes (with L =
OH– or Cl–) typical for high ionic strength marine waters
were adjusted simultaneously for all surface types, based on
a LFER correlation with stability of respective aqueous
chloro- and hydroxo complexes. Note, however, that the
model is more sensitive to area fractions occupied by the
various surface types given by the structural data, and to
Γmax of strong sites, than to particular values of pKads. Sepa-
rate SCM for the MnOOH end-member has not been consid-
ered, since Zn has been found by XAS to form surface precipi-
tates rather than significant amount of (inner-sphere) surface
complexes on this phase (Bochatay and Persson 2000).
End–members g0298,   kJ mol–1 Reference 
MnO2 –459.74a Kulik and Kersten (1998) 
MnOOH –567.09a Kulik and Kersten (1998) 
≡O0.5H0 (SOH0) –128.55 Kulik (2002) 
aincludes stability correction of +10.04 kJ mol–1 for the specific surface area 
 
Table 2: Thermodynamic data for the HMO phase
For the mechanism of bivalent trace metal cation sorption
by HMO, molecular level XAS analysis of a ferromanganese
nodule sample indicates that the tetrahedrally coordinated
Zn is not substituting for structural Mn. The metal cation is
rather sorbed as interlayer tridentate corner-sharing surface
complex for compensation of the permanent charge defi-
ciency originating both from replacement of Mn4+ by Mn3+,
and by formation of vacancies in the structural layer not
fully compensated for by interlayer (also corner-sharing)
Mn3+ octahedra (Marcus et al. 2004). We may attribute the
pool of active sorption sites in interlayer positions capping
the vacant layer octahedra to a formal permanent charge
cation exchange capacity in (non-structural) analogy to
phyllosilicates (CEC, Tanaka and Tsuji 1997). In order to
account for cation sorption in the interlayer, we therefore
introduced an ion exchange model. Birnessite- and buserite-
type HMO phases (with oxidation numbers ≈ 1.7–1.9) show
the highest possible formal CEC of up to 0.3 mol per mol
Mn (Manceau et al. 2002). At a marine water pH = 8.1, the
permanent-charge 'X-sites' are completely occupied by ion
exchange with Na+ and other cations. From a thermody-
namic point of view, we could now suppose that formal CEC
values are determined by the mole fraction of the Mn3+ end-
member MnOOH (9% in our case), and thus would de-
crease towards the MnO2 end-member composition. At an
assumed specific surface of 300 m2 g–1 for the HMO phase,
this results in a maximum formal CEC of about 680 µmol g–1
at charge density of = 4.7 sites nm–2, or 7.8 µmol m–2 for the
ion-exchange 'X-type' sites.
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This complex SCM has been parameterized against a classi-
cal experimental data set reported on Zn adsorption by a
birnessite-type HMO (Catts and Langmuir 1986). The com-
bined exchange and surface complexation model was used
to calculate the amount of adsorbed Zn at varying pH. The
result shows a nearly perfect match with the experimental
data even in the low pH region, and at increased solid con-
centrations, for which under-prediction by conventional sur-
face complexation modeling was commonly found (Fig. 1).
The model was thereby shown to be sensitive to (i) area
fractions of surface types (φ) in all cases, (ii) Γmax for ion ex-
change X-sites at high dissolved metal species Meaq, and for
strong TLM-2,3 sites at low Meaq, (iii) pK0 of TLM-1,2,3 IS
sites at I > 0.1 and/or at lower solid concentrations, (iv) pK0 of
Parameter, species Symbol Value Comments 
Specific surface area A 290 m2 g–1 C&L86a 
TLM1 surface type φ1 0.69 At Γmax= Γ0 
TLM2 surface type φ2 0.01 At Γmax= Γ0 
X surface type φX 0.30 Γmax adjusted 
TLM outer capacitance  C2 0.2 F m–2 Common for TLM 
TLM1 inner capacitance  C1,1 2.4 F m–2 From C&L86a 
TLM2 inner capacitance C1,2 1.2 F m–2 Assumed 
TLM1,2    ≡O0.5H2+ 
                ≡O0.5– 
 
 
                        
≡O0.5–Na+  
pK0a1 
pK0a2 
 
 
pK0Na 
1.6 
8.0 
 
 
4.7 
At pHPPZC = 4.8 as 
for γ–MnO2; same 
∆pKa as predicted 
for TiO2 (S&S96b) 
Equation 2, θ = 3.0 
TLM1       ≡O0.5–Zn+2 
                ≡O0.5–ZnOH+ 
pK0Zn,OS 
pK0ZnOH+ 
1.3 
9.3 
Predicted, θ = 3.0 
Predicted, θ = 3.0 
Γmax of X surface ΓX 7.8 µmol m–2 Fitted using data by C&L86a 
aCatts and Langmuir 1986 
bSverjensky and Sahai 1996 
 
Table 3: Parameters used in the HMO adsorption model
Fig. 1: Modelled surface deprotonation (A, B in 0.01 M NaCl onto 6.75 mg L–1 HMO; C,D in 0.1 M NaCl onto 67.5 mg L–1 HMO ), and Zn (10 µM total)
adsorption pH edges in 0.01 M NaCl (E onto 6.75 mg L–1 HMO; F onto 67.5 mg L–1 HMO), both compared to the batch experiment data (open circles) from Catts
and Langmuir (1986). HMO specific surface area A = 290 m2 g–1. Surface site types: 1 – TLM with C1 = 2.4 F m–2 occupying 67% of HMO surface; 2 – TLM
with C1 = 1.2 F m–2 occupying 3% of HMO surface; X – NEM occupying 30% of HMO surface. For other model parameters, see text and Tables 3 and 4
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exchangeable metal species X-Me+2 species at I < 0.1 and pH <
6, (v) pK0 of ternary X-MeL+ species (represented here by X-
MeOH+) at pH > 6, especially at relatively high XHMO con-
tent, but (vi) insensitive to pK0 of outer-sphere metal species.
The resulting TLM parameters are given in Table 3.
In this parameterisation exercise, potential correlations were
exploited in order to (i) reduce the number of adjustable
parameters, and (ii) predict adsorption constants for other
metals not covered by experimental data (Catts and Lang-
muir 1986). For the latter, we assumed that at each ampho-
teric surface site type, the differences between the inner- and
outer-sphere adsorption constants pK0Me+2, pK0MeOH+, and
pK0Me(OH)2, respectively, for a given metal are proportional
to differences in the respective aqueous hydrolysis equilib-
rium constants (LFER correlation assumption according to
Tessier et al. 1996). In fitting metal adsorption data by GEM-
TLM, the respective adsorption constant values were varied
simultaneously by adjusting the θ parameter in an equation
introduced by Smith and Jenne (1991):
(2)
where ϑ = 0.86, and g1, g2, r, and z refer to the Brown-Sylva-
Ellis equation (Brown et al. 1985). Values of θ for all cati-
ons are assumed the same on a given TLM-type site for
Table 5: Predicted GEM-TLM model constants for trace metal adsorption by HMO
Table 4: Surface species used in the HMO adsorbent model
HMO. The θ values for TLM-1 and TLM-2 sites were ob-
tained from Zn fits (Table 4). For ion-exchange X-sites, the
relative pKMe differences were estimated from data on biva-
lent cation release from buserite-type phyllomanganates
(Giovanoli et al. 1975). For X-MeOH+ species, pK differ-
ence from X-Me0.5+ was taken the same as for Zn. The thus
obtained set of interim thermodynamic adsorption constants
is presented in Table 5. For GEM calculations, these con-
stants can now be converted to values of partial molal Gibbs
energy g0298 at standard site density, consistent to that for
aqueous ions from SUPCRT database (Shock et al. 1997),
using a g0298(≡O0.5H0) = –128.55 kJ mol–1, and respective
stoichiometric formulations for the
ion exchange site X:
X-H+ + 0.5Me+2 = X-Me0.5+ + H+ (3a)
X-H+ + MeOH+ = X-MeOH+ + H+ (3b)
outer-sphere surface complex site OS:
≡O0.5H0 + Me+2 = >O0.5–Me+2 + H+ (4a)
≡O0.5H0 + H2O + Me+2 = >O0.5–MeOH+ + 2H+ (4b)
and inner-sphere surface complex site IS:
≡O0.5H0 + Me+2 = >O0.5Me+ + H+ (5a)
≡O0.5H0 + H2O + Me+2 = >O0.5MeOH0 + 2H+ (5b)
≡O0.5H0 + 2H2O + Me+2 = >O0.5Me(OH)2– + 3H+ (5c)
Model Species Symbol Value 
(µmol m-2) 
Comments 
X 
NEM 
X-H+ 
X-Na+ 
X-Zn0.5+  
X-ZnOH+ 
pK0XH+  
pK0XH-Na 
pK02XH-Zn 
pK0XH-ZnOH 
–8.3 
  3.0 
  1.7 
–3.5 
All X-sites must be occupied at pH > 2 
Fitted on C&L86 data 
TLM1-IS 
 
 
TLM3-IS 
≡O0.5Zn+ 
≡O0.5ZnOH0 
≡O0.5Zn(OH)2– 
3≡O0.5Zn+ 
pK0OZn+ 
pK0OZnOH0 
pK0Zn(OH)2- 
pK03≡OZn+ 
  2.4 
10.4 
15.9 
–1.1 
Fitted on C&L86a data 
equation 2, θ = 1.9 
equation 2, θ = 1.9 
Assumed pK0OZn+ - 3.5 
TLM2 ≡O0.5Zn+ 
≡O0.5ZnOH0 
≡O0.5Zn(OH)2– 
pK0OZn+ 
pK0OZnOH0 
pK0Zn(OH)2– 
  0.4 
  8.4 
13.9 
Assumed pK0OZn+ - 2.0  
equation 2, θ = 3.9  
equation 2, θ = 3.9 
a
 Catts and Langmuir 1986
 
 
Adsorbed species X-site  
pKH-Me 
Outer-sphere pK0  
for TLM1 sites (θ = 3.0) 
Inner-sphere pK0  
for TLM1 sites (θ = 1.9) 
Inner-sphere pK0  
for TLM2 sites (θ = 3.9) 
Strong type-3 pK0 
on TLM1 (θ = 5.4) 
Mg+2 2.5 3.25    
MgOH+ –2.7 13.4    
Ca+2 2.8 4.0    
CaOH+ –2.4 15.1    
Cd+2 1.5 1.7 2.8 0.8 –0.7 
CdOH+ –3.7 10.25 11.4 9.4  
Cd(OH)20   20.3 18.3  
Cu+2 1.1 0.05 1.14 –0.86 –2.36 
CuOH+ –4.1 6.6 7.7 5.7  
Cu(OH)20   14.3 12.3  
Ni+2 1.9 1.9 3.0 1.0 –0.5 
NiOH+ –3.3 10.4 11.5 9.5  
Ni(OH)20   20.4 18.4  
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2 Results and Discussion
Sorbent competition effects were first demonstrated for a
simple laboratory batch titration system. For the more ad-
vanced Baltic Sea scenario modeling, two situations are
deemed to be important in the deposition of ferromanganese
nodules (Hlawatsch et al. 2002b): (i) summer stagnation
below the thermocline, anoxia in the near-bottom fluffy layer,
benthic release of dissolved Mn, Fe, Zn, P, and other redox-
sensitive elements, and possible partial reductive dissolution
of the nodule surface; and (ii) mixing of the water column in
the fall due to break-up of the thermocline, causing oxida-
tion of dissolved Mn2+ (and possibly also Fe2+) and precipi-
tation of particulate HMO (and HFO). A geochemical model
should account at least for main trends in trace metal parti-
tioning during these two major environmental settings.
2.1 Sorbent competition in a laboratory model system
Preliminary calculations performed with Selektor-A GEM
code on the geochemical nodule system included calcite,
HFO, and the ideal solid-solution HMO phase for the solid
phases, 2pK TLM adsorption model of Mn2+ and Zn2+ on
HMO, and DDL adsorption model of both cations onto
HFO. Development of an anoxic conditions was simulated
by titration of the system by DOM, where increasing or-
ganic carbon oxidation leads to reduced pO2 just as in na-
ture. The modeling results demonstrate quantitatively the
competitive adsorption behaviour of Zn on both oxide phases
in a pH range typically encountered at the sediment-water
interface (see Table 1 and Fig. 2a). With respect to redox
behaviour, increasing organic carbon oxidation in the model
system, and thereby reduced pO2, leads to nano-molal con-
centrations of dissolved Fe remaining practically constant
at all Eh > 0 values, whereas dissolved Mn increases by sev-
eral orders of magnitude. The oxidation number O/Mn de-
creases simultaneously from 1.99 to 1.5, followed by disso-
lution of the HMO phase, and repartitioning of Zn to the
remaining scavenger.
2.2 Sorbent competition in a natural oxic model system
Harms (1996) found that 4 µmol L–1 of total dissolved Mn,
and 0.4 µmol L–1 Fe, was accumulated in September 1993
in a 1 m thick near-bottom water layer over Corg-rich mud
in Mecklenburg Bay, SW Baltic Sea. Upon storm-induced
mixing of the water column in October, both Mn and Fe
were found to be oxidized into particulate hydroxides. The
dissolved heavy metal pool at the end of stagnation in the
near-bottom water can be assessed from the available field
data as listed in Table 6. The second mixing-precipitation
event (Stage 2 in the above mentioned scenario) was mod-
elled at a salinity of 22 ‰, temperature 5°C, pressure 1 bar,
with 30 µmol total Fe+Mn in the system but at various Mn/Fe
ratios, and excess of O2 up to atmospheric saturation. Three
times larger specific surface areas than the 200 m2 g–1 used
for HFO, and 90 m2 g–1 for HMO, respectively, were re-
ported from laboratory experiments (Dzombak and Morel
1990, Catts and Langmuir 1986), but even lower values were
found in field (50 m2 g–1 for HMO from the Gotland Deep
of central Baltic Sea: Müller and Duffek 2001).
Fig. 2: Diagrams showing the partitioning of trace elements between HMO (total adsorbed), HFO (total adsorbed), and aqueous solution (total dissolved)
as function of XHMO = nHMO/(nHMO + nHFO), where nHMO is the variable amount of HMO (in µM) at constant sum nHFO + nHMO = 30 µM. Symbols indicate model
calculations, lines are guides for the eye. Dashed lines on graphs C and D correspond to a model variant in which the citrate complexation constants of
Ca, Mg and Na have been made 30 times weaker.
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Typical mean Mn/Fe ratio in nodule samples from the
Mecklenburg Bay is 0.6 ± 0.1 (Hlawatsch et al. 2002a), which
recalculated into the Mn mole fraction yields XHMO = Mn/
(Mn+Fe) = 0.62 ± 0.1. This is distinctly below the total dis-
solved Mn fraction in the near-bottom water (XMn,aq = 0.91;
Harms 1996), and may suggest that, on average, at least
30% of initially precipitated Mn gets re-mobilized upon for-
mation of the nodules. The extent of such remobilization
along the growth direction is highly variable, and may reach
70–80% or even more. Some layers may retain the same
XHMO as during precipitation, while others appear to be
somewhat enriched in Mn. It is difficult to assess how XMn,aq
could vary with time, so precipitation of particulate Mn and
Fe oxides was modelled at different bulk Mn/Fe ratios. Fig.
2 shows the modeling results in the form of graphs showing
a percentage of adsorbed metals vs. XMn,aq varying from 0.1
to 0.97. Cd and Cu are only weakly adsorbed (less than
20%), Ni is adsorbed at a level of ca. 40% regardless of the
Mn/Fe ratio, but Zn is adsorbed up to 60–80%. At a XHMO
above 0.5, all metals are mainly adsorbed on HMO.
Cd and Zn are practically unaffected by the model organic
(citrate) complexation, Ni is affected to some extent, but
Cu is strongly affected. The preliminary calculations showed
that up to 95% of citrate was bound to Ca, Na, and espe-
cially Mg. This is not the likely case for the natural dis-
solved organic matter, which is thought to be a complexant
more specific for transitional metals than for first and sec-
ond group elements. Hence, the stability of CaCit– and
NaCit–2 complexes was suppressed by 1.5 and that of MgCit–
by even 2 pK units (30 and 100 times, respectively). This
change in organic complexation affects Ni sorption to only
about 10%, while plots for Zn and Cd were not at all af-
fected (see Fig. 2). Clearly, Cu now is even more strongly
complexed and adsorbs only weakly even at relatively high
dissolved Cu and adsorbent concentrations, in agreement
Parameter  Measured (Harms 1996) Used for the model  
(total conc.) 
Comments 
Mn, µM 4 3–30 
Fe, µM 0.4 1–30 
In the model, 30 µmol was taken for total diss. Mn+Fe 
Cd,  nM 0.4 1  
Cu, nM 87.5 20  
Ni, nM 21.6 20  
Zn, nM 80–100a 100 aHlawatsch et al. (2002a) 
P, µM 0.7–1.2 0.73 Average 
DOC mg L–1 2.2–3.3 10 µM Citrate taken as ligand 
T oC 5–15 5 Assumed for the fall season 
O2,aq, µM  4.9–33.4 400 Saturation state 
SB, g kg–1 22 22  
BNSW, g kg–1  21.935 Baltic Normative Sea Water model (Kulik and Harff 1993) 
BNRW, g kg–1  0.065 Baltic Normative River Water model  
(Kulik and Harff 1993) 
Water, kg  978 Volumetric GEM model basis 
 
Table 6: Field and model parameters for the sorbent dissolution and competitive scavenging scenario model
with what is known from voltammetric measurements in
field (Hlawatsch et al. 2002b). Cadmium is weakly adsorbed
because of the low inventory and strong inorganic com-
plexation. It should be pointed out that the adsorption trends
shown in Fig. 2 are non-linear, most probably due to sur-
face heterogeneity of both phases reflected to some extent
in our advanced adsorption model.
2.3 Natural model scenario with reductive HMO sorbent
dissolution under anoxic conditions
An advanced modeling of the diagenetic ferromanganese
nodule transformation requires considering of stagnation and
reductive dissolution of at least some outer layer(s). For such
an aqueous redox system (Stage 1 in the above mentioned
scenario), we used the same bulk compositions of HMO
and HFO phases as obtained from the previous modeling
exercise (Stage 2), but now at a XHFO = 0.9, corresponding
to the field data for the near-bottom fluffy layer (Hlawatsch
et al. 2002b). The most uncertain parameter in this stage is
the effective solid/water ratio necessary for the GEM model
setup. We can only speculate that this ratio within a thin
fluffy layer in the nodule environment should be much higher
than that chosen for the above formation stage (initial depo-
sition of particulate Mn and Fe in the water column). We
tried several ratios and found that any (Fe+Mn) > 1 mM
produces unrealistically high dissolved Mn concentration and
pH values (up to 8.5). Therefore, a reduced initial concen-
tration of (Fe+Mn) = 300 µM was selected. O2 reduction in
the system was forced again by adding organic carbon (CT)
to the closed system. The effects of extensive reductive dis-
solution of the primary HMO precipitate on surface of the
crust can be modelled at first approximation by assuming
complete dissolution of HMO, while HFO remains unaf-
fected (Feaq ≤ 0.1–0.2 nM). This would result in a quite high
dissolved Mn = 270 µM, which, together with the released
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metal pool, should decrease because of dilution out into the
near-bottom water. We assumed that 2/3 of dissolved Mn,
Zn, Ni, and Cu diffuse out of the fluffy layer, and that the
effective HFO concentration increases with time (which
implies local absence of significant water movement at least
in the fluffy layer during stagnation). Such a model could
reproduce re-adsorption of heavy metals in the extreme case
when all HMO gets re-dissolved in a stagnant fluffy layer.
Results of 10 model runs for varying amounts of HFO be-
tween 30 µM and 0.1 M are shown in Fig 3. Heavy metals
thus released appear not to be effectively re-adsorbed on the
HFO because of strong competition with the dominant pool
of adsorbed Mn+2. Only the phosphate oxyanion gets
strongly adsorbed, but Cu and Cd remain strongly complexed
in the aqueous phase. In the case when the HFO continues
precipitating in the stagnant fluffy layer due to release from
anoxic sediments, re-adsorption of Zn and Ni may be
stronger to an extent depending on the rate of additional
supply of dissolved Fe(II), which, however, is usually lim-
ited by the solubility of ferrous sulfide phases.
The process of gradual development of stagnation could in-
fluence heavy metal partitioning even when HMO is still
stable. Complex processes related to heavy metal adsorp-
tion on that oxide phase in relation to redox conditions are
yet unknown. The present thermodynamic model can give
some insight onto what can happen along gradual reduc-
tion of the near-bottom water system including ferroman-
ganese nodule. The same system as in previous run, with
initial concentration of Fe+Mn = 300 µM and XHMO = 0.9,
was therefore run as an equilibrium redox profile. Fig. 4 shows
complex changes in the closed system which would occur
upon mineralization of increasing quantities of organic mat-
ter (monitored by total dissolved CO2, CT). Abrupt changes
occur when first HMO and then HFO dissolve completely.
The pH first decreases due to addition of CO2, then increases
because of the alkalinity gain by dissolution of the Mn ox-
ide, the latter also changes its O/Mn ratio from 1.9 to 1.5.
We assumed that the fraction of the total HMO surface un-
der ion exchange sites X (maximum 30%) decreased in this
process proportional to a decrease in the MnO2 end-mem-
ber mole fraction of the HMO solid-solution phase. The
complex effects of competing metal adsorption are evident
in Fig. 5. All metals except Zn tend to leave the HMO phase
during early stages of reduction, and remain in aqueous so-
lution to the extent of more than 50%. The net effect on
aqueous metal concentrations is seen in Fig. 6, where weakly
adsorbed Cd and Cu increase uniformly, while Zn can be
affected by a relatively strong re-adsorption onto HFO after
complete dissolution of the Mn oxide, and strong release
only upon ultimate dissolution of HFO.
Fig. 3: Modelled scenario of trace metal re-partitioning upon complete 'dissolution' of the HMO phase (at initial nHMO = 270 and XHMO = 0.9) at varying the
amounts of HFO nHFO between 30 µM and 0.1 M:  (A) re-adsorbed onto the HFO surface, (B) remaining in the Baltic Sea normative water at equilibrium
with adsorption on HFO
Fig. 4: Effects of gradual development of anoxia: (A) on pe, pH, and HMO oxidation number, and (B) on total dissolved Mn and Fe concentrations upon
gradual development of anoxia, simulated by titration of Baltic normative water with the 'organic carbon' CT in the closed system with nHFO = 30 µM and
nHMO = 270 µM (XHMO = 0.9). Note that pH first decreases due to the build-up of dissolved carbonic acid species and then increases because of increasing
concentrations of dissolved ammonia from 'organic carbon' as well as dissolved Mn
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3 Conclusion and Outlook
Our model accounts qualitatively for a very complex inter-
play of aqueous and surface speciation, solid carrier solubil-
ity, and redox changes. It is preliminary in a sense that the
full set of thermodynamic data on the complex microbe-
mediated redox behavior of phyllomanganates are still not
available. Moreover, one should keep in mind that a com-
plete early-diagenetic model description involves at least
additional considering of steady-state pore water diffusion
or even non-steady-state turbulent mass transport. The avail-
able field data permit at least to formulate a local/partial
equilibrium approach which can provide useful boundary
conditions which govern partitioning of heavy metals be-
tween growing Mn/Fe-accumulate, and aqueous solution in
the fluffy layer or near-bottom water body. Our model dem-
onstrates a by far stronger net retention of Zn compared to
other metals, and suggests that significant fraction of Mn
(and Ni, Cd), probably 50% or more, may be recycled to
water column from surface of ferromanganese nodules dur-
ing stagnation episodes. The model also do not account for
reductive dissolution kinetics of HMO and HFO, but many
empirical observations suggest that dissolution is relatively
fast for Mn oxides due to microbial mediation. Further ex-
perimental sorption studies on HMO should focus on (i)
low surface coverage, (ii) competition between adsorbed
Mn+2 and Me+n, and (iii) impact of redox conditions onto
composition and surface properties. However, being para-
meterized by experimental data on solubility and oxidation
numbers of synthetic Mn oxides at different redox condi-
tions and pH, the Gibbs energy minimization modeling ap-
proach seems to be capable to account for these complex
chemical interactions relevant to the Mn/Fe accumulating
environment in the Baltic Sea. Such models, even if only
first approximations, clearly support the idea that stagna-
tion in the bottom water, once occurring, can drastically
change primary element proxy records in ferromanganese
nodules. Therefore, one cannot expect that any element peaks
in profiles perpendicular to the growth direction, even if
measured on a sub-millimetre scale, reflect anything mean-
ingful about original pollutant deposition. Since larger part
of the metal pollutant together with the Mn inventory is
recycling into the near-bottom water upon stagnation, a
strong hysteresis effect must be expected in the thus affected
part of the record. Even if any anthropogenic metal supply
into the Baltic would be drastically changed from one year
to the other, we may not see it in the crust profile before a
decade or so later.
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